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ABSTRACT 


The  effects  of  control  system  dynamics  on  the  longitudinal  flying 
qualities  of  fighter  airplanes  were  investigated  in  flight,  using  the  USAF/ 
CAL  variable  stability  T-33  airplane.  Two  pilots  evaluated  a  total  of  S? 
different  combinations  of  control-system  and  short-period  dynamics  at  two 
flight  conditions,  while  performing  tasks  representative  of  the  "combat" 
phase  of  a  fighter's  mission.  The  pilot  rating  and  comment  data  from  this 
investigation  indicate  that  the  dynamic  modes  of  the  flight  control  system  can 
cause  serious  flying  qualities  problems,  even  if  the  short-period  mode  is 
well  behaved.  The  data  do  not  correlate  with  the  control  system  require¬ 
ments  of  MIL-F-378  3B.  In  addition,  the  data  demonstrate  that  the  C  * 
criterion  does  not  adequately  account  for  the  effects  of  control  system  dy¬ 
namics.  Pilot-in-the-loop  analysis  of  the  data  is  shown  to  describe  effec¬ 
tively  the  pilot's  difficulties  in  control  of  pitch  attitude,  providing  insight 
into  how  ihc  pilot  flies  the  airplane.  A  design  criterion,  based  on  this 
analysis,  is  shown  to  be  applicable  to  a  wide  range  of  short-period  and  con¬ 
trol-system  dynamics.  A  simplified  version  is  also  presented  to  provide 
the  designer  with  preliminary  estimates  of  flying  qualities.  Volume  1  con¬ 
tains  the  body  of  the  report,  while  Volume  II  consists  of  the  Appendices. 
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APPENDIX  I 


PILOT  COMMENTS,  BODE  PLOTS,  TIME  HISTORIES 
FOR  EACH  CONFIGURATION 


Summaries  of  ail  the  pilot  comments  and  ratings,  as  well  as  the 
pertinent  open  and  closed-loop  parameters,  are  presented  in  this  appendix 
for  each  configuration  simulated  in  this  experiment.  The  open  and  closed- 
loop  pitch-attitude  Bode  characteristics  and  time  histories  are  shown  on  tl  - 
opposite  page  to  the  summarized  pilot  comments  for  each  configuration. 
Each  configuration  is  identified  by  its  number/letter  identifier,  for  example 
1A.  The  block  at  the  top  of  the  pilot  comment  page  identifies  the  control- 
system  and  short-period  dynamics  for  the  configuration.  For  example; 


1  A 

CONSUMMATION 
-  u  -  ass 

as/a/a 

rt  a 


Note  that  a  dash  (-)  indicates  that  t/Z,  or  is  oo  ,  i.  e. ,  the  lead  or 

lag  term  is  not  present.  The  block  at  the  top  of  the  page  with  the  Bode 
characteristics  and  the  time  history  plots  for  each  configuration  contains 
the  pertinent  flight  condition  and  closed-loop  analysis  parameters.  For 
clarity,  the  units  are  not  included  in  the  blocks  but  are  given  in  the  List  of 
Symbols. 


The  pilot  comment  summaries  were  prepared  from  transcription 
of  the  recorded  comments  made  by  the  pilot  during  each  evaluation  with 
reference  to  the  Pilot  Comment  Card  discussed  ir.  Section  4.  2.  Referring 
to  the  comment  card,  the  pilot  comments  under  the  specific  headings  of 
"ability  to  trim",  "stick  motions",  and  "lateral-directional  control"  indicated 
that  none  of  these  areas  was  a  factor  in  the  evaluations,  and  therefore  those 
comments  are  not  included  in  the  summaries.  Comments  on  "longitudinal 
control  in  steep  turns"  were  generally  the  same  as  those  for  "normal 
acceleration  control"  and  were  deleted  from  the  summaries.  There  was  a 
difference  between  the  two  evaluation  pilots  in  their  interpretation  of  what 
was  asked  for  under  the  specific  heading  of  "special  piloting  techniques"; 
and  therefore,  to  avoid  confusion,  these  comments  are  also  not  shown  in 
the  summaries. 

There  are  7  evaluations  in  the  experiment,  each  marked  by  an 
asterisk  on  the  flight  number  at  the  top  of  the  pilot  comment  summary,  which 
are  not  used  in  the  data  analysis.  Justification  for  this  decision  is  based  on 
the  following  factors.  Each  of  these  evaluations  was  performed  early  in  the 
experiment  and  both  the  comments  and  ratings  are  appreciably  less  severe 


1 


than  for  the  repeat  evaluation*  of  the  configuration.  The  incompatibility  of 
thee*  evaluation*  with  later  repeats  ie  probably  attributable  to  the  pilots 
not  organising  the  evaluation  tasks  early  in  the  program,  so  that  bad  charac* 
terlstics  were  sometimes  overlooked.  There  are  other  evaluations  in  the 
experiment  that  appear  inconsistent  with  the  trend  of  pilot  opinion  within  a 
given  group  of  configurations,  but  in  these  cases  no  clear  justification  exists 
for  not  including  the  results  in  the  data  analysis. 


In  the  presentation  of  die  open  and  closed-loop  Bode  characteristics 
for  each  configuration,  three  transfer  functions  are  of  interest:  Fg  » 

qIqc  and  .  The  following  diagram,  representative  of  the  closed- 

loop  pitch-attitude  tracking  task,  can  be  used  to  understand  these  transfer 
functions .  SIMULATED  FCS 

PLUS  AIRFRAME 


*  \ 

PILOT 

5 

6 

~lrV 

■#% 

/K  -4  /  ' 

Figure  I- 1  Block  Diagram  of  Closed-Loop  Pitch-Attitude 
Tracking 

When  interpreting  the  Bode  plots,  the  following  should  be  noted: 

(1)  0 1 is  the  open-loop  transfer  function  of  the  airplane 
plus  control  system. 

9/  9e  is  the  open -loop  transfer  function  of  the  airplane 
plus  control  system  plus  pilot. 

q! 6&  is  the  closed-loop  transfer  function  of  the  airplane 
plus  control  system  plus  pilot. 

(2)  The  terms  "open-loop"  and  "closed-loop"  are  meant  to 
apply  to  the  block  diagram  shown  in  Figure  1-1.  Any  FCS 
loops  around  the  airframe  are  always  assumed  to  be 
closed  when  computing  the  6/Pg  characteristics. 
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(3)  In  the  calculation  of  the  Bode  amplitude  plote  for  9/Pt  . 

a  nominal  *  $  lb/g  was  used)  and  the  unite  of  \&/Pm  J 

prior  to  convereion  to  dB  were  deg/lb.  (Note  that  k!&  * 

The  Bode  plote  for  the  other  two  tranefer 

function*  were  taken  directly  from  the  pilot-compensated 
Nichols  chart  overlays. 

(4)  The  pilot  lead  compensation  was  somewhat  arbitrarily 
restricted  to  &pc  =  +  80  deg  for  the  analysis  because  values 
greater  than  +  80  deg  do  not  significantly  improve  the  closed- 
loop  performance.  This  restriction  on  4-  Pc  reduced  the  BW 
achieved  for  Configurations  1G  and  6F  and  reduced  the  low- 
frequency  droop  for  Configurations  IF.  1G,  bF.  and  7H. 

(5)  The  values  of  Kp.  *n<*  were  determined  by  the 

methods  explained  in  Sections  6.9  and  7.4. 


Two  pitch-attitude  time  histories  for  each  configuration  are  shown 
in  the  lower  left-hand  plot.  The  first  time  history  (solid  line)  represents 
the  normalised  open-loop  9  response  to  an  P€  impulse  input,  for  the  air¬ 
plane  plus  control  system.  This  time  history  also  represents  the  9  response 
to  an  P3  step  input.  The  second  time  history  (dashed  line)  represents  the 
normalised  open-loop  9  response  to  a  9e  impulse  input,  for  the  airplane 
plus  control  system  plus  pilot.  The  purpose  of  this  time  history  is  to  show 
the  effects  of  the  pilot  time  delay  plus  the  lead  or  lag  compensation  deter¬ 
mined  using  the  closed-loop  analysis. 

The  lower  right-hand  plot  for  each  configuration  shows  the  normal  - 
ised  closed-loop  0  response  tc  •  step  9  command  (  ).  This  closed- 

loop  time  history  wus  generated  by  mechanizing  the  closed  loop  of  Figure  1-1 
on  an  analog  computer.  The  pilot's  0.  3  sec  delay  time  was  simulated  using 

a  fourth-order  Pade  approximation  of  e  “®*  .  This  closed-loop  time 

history  complements  the  frequency-response  plots  and  gives  a  complete 
picture  of  the  closed-loop  pitch-attitude  tracking  problems  predicted  for  each 
configuration. 
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NlftPOWftl.  tUT  IT'S  S  AAV  TO 

OCT  MONA  THAN  VOU  IX 

PCCTCD.  WITH  PNACYICK, 

VOU  CAN  ICANN  TO  STOP  THC 
AINPLANI  PNC  f  TV  MUCH 

WHIN!  VOU  WANT  IT. 

ayyituui 

MATTY  OOOO.  ICPfCtALLY 

OOOO.  VINV  tOUO  PCtLlNG. 

ONLY  PAIN;  LI  AMINO  TOWANO 

CONTNOL/ 

TRACKING 

CAP  ANILITY 

IN  NMOOTM  AIN. 

WO  7IWOINCY  TO  NOMk.1 

0070  TN  AC  (UNO  AJNPlANt. 

7MCPOONSIOP  IP  VOU  TONI 
DOWN  YOON  INPUT!  VOU  CAN 
STOP  NOtS  WHAM  VOU  WANT 

IT  NAAtONAtLV  WALL,  tUT 

THIN  VOiSNC  NOT  MOVING 

THC  NOtK  At  AAPIOL  V  At  VOU 
WANT. 

NONMAL 

mOQINO  IN  T1N0INCV  AT 

OOOO.  CAN  TULL  A  VALUt  OT 

MOT  OOOO.  DCPINimVOVCft 

ACC*  it  NATION 
CONTNOL 

UNIT.  L1ANNS0  TO  TOLL  tt 
tainlt  ACC  on  atilt  WITH 
TWACTICI.  ITILL  TOMC  OVCN> 
CONTNOL  TiNOiNCV  MUCH 
WOTU  DURUM  TLMHOVINS 

THAN  IN  TULLUTt. 

0  ANOHOI.OIT. 

CONTNOL  WHCN  VOU  PLV  IT 
A0GNCSS4VCLV. 

«Micn  or 

NANOOM 

OlfTUAftANCKft 

NO  NCW  PNONLtMt 

NOWt. 

NN  tHATUNNAWCCft  MOVC  THC 
AINPLAN8  A  NOUN  D  OUITI  A 

Mf.  AMO  IT  t  OlPPtCULT  TO 

Of  ▼  HID  OP  THI  IPPCCTf. 

ipa 

PNONLtMt 

4CCMC0 NATTAA  IM  THAN 

VPA.  PAOtLIMt  WON'T  Si  CM 

TO  SHOW  or  Ml  Aft  At  MUCH 

At  WITH  VPA  PLIGHT. 

PLIAMNT  TO  PLY. 

NlAtOWAiLl  AINPLANI  IPN. 
OIPPICULT  TO  KXIP  UP  WITH 

AN  T PACKING  TASK. 

0000 

P At  TTY  STtAOY  OH  TANOtT, 

OOOO  TRAC  HI  NO  CATAMLITV  , 

CAP  ANILITY  POA  PULLING 

NATUMII 

WHICH  It  AW  IMTONTAWT 
PCATUAC. 

IKCf  LLINT.  OOOO  TRIM. 
COMTORTAILK  RICH  HO 

OUAUTIll. 

LOTS  0#  a  1(0000. 

ORJICY'OMARLL 

0*001  NO  IN  TCNOfNCY. 

WO  MAI  OOJfCtlOWI  ONLY 

MAJON  OMCTION  If  iNAtILlTY 

PtATUAit 

HAVING  TO  OVIKONIVC  TO 
QKTNOCt  HOVINO.  WNOMU 
CAN  ftOAPNISC  YOU  IN  AtNUTT 
MANCUVANft. 

MINOR  .  RUT  WOULD  LIKI  TO 
til  ILIOMTLV  TAiTIR 

INITIAL  RHTONM, 

TO  MANIUVIN  THC  AINPLANI 
•nattily. 

%*TINOt  MOT  UNO  IN  DATA  AMAIVSM  Ml  OUCUMION  AT  TMi  MdlMMNU  01  THIS  ATWIMCMX. 
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*1*9  ■  2/,  BW  •  XB 

M/«  i  BO  4P*  •  4*7 

VT  -  «7*  KL  -  1.00 


JL  AIRPLANE  PLUS 
fi  CONTROL  SYSTEM  (Q.L.) 

_£  AIRPLANE  PLUS  CONTROL 
SYSTEM  PLUS  PILOT  IO.L.) 

fi  AIRPLANE  PLUS  CONTROL 
0t  SYSTEM  PLUS  PILOT  (C.l, . I 


OJ  ~  RAD/SEC  CJ  RAD/SEC 

FREQUENCY  RESPONSE  CHARACTERISTICS 


J. 

9m 


'  ?“" "j 1 “ ' ?' “i 

-v  — 4 — i — i — 1 — L _ : 

a  a  ’ 

TIME  ~  SEC 


OPENLOOP  PITCH  ATTITUDE 
RESPONSE  TO  AN  F  OR  # 
IMPULSE  INPUT 


CLOSED-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 
COMMAND 
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1 — 1 

40 

•  3.4  •  •.«? 

L ....  J 

-  /ft/43 

PLT-ANLOf 

tOft/M 

HWWOH 

ft-ft/I  .ft 

■EZSZHi 

4.I/0M 

v«. 

14/41 

ETlCK 

ponces 

ESSfiiSS 

MinCIMMLITV 

Of 

MtfKMti 

UNPREDICTABLE  CAN  RUT  IN 
INADVERTENT  INPUT*. 
PARTICULARLY  BAD  FOR 
NEGATIVE  0  MANEUVER*, 

NOV  TOO  BA  OMNI  N  PUL  UNO 
POSITIVE  0  BUT  ISNONAIR. 
PLANE  LIKE  WHICH  MAKES  IT 

Olf  PICUL T  TO  AOA4»T  TO. 

ATTITUDE 

CONTROL/ 

TRACKING 

CAPABILITY 

NOT  REALLV  VERY  OOOO 

HAS  A  TENDENCY  TOPIO 

LARGE  AMPLITUOC  ONCE  ON 
TARGE  TIT  1*  STEADY  Aft  A 

HOCK 

NORMAL 

ACCELERATION 

CONTROL 

PRETTY  GOOO. 

tfftCYS  Of 
RANDOM 
DISTURBANCE  I 

SHOWS  UP  APfO  TENDENCY 

if  R 

PROBLEMS 

POINT*  UP PIO  TENDENCY 
PARTICULARLY  THE  RN 
7RACKING  TASK. 

oooo 

MATURES 

COULD  ADAPT  AMD  PULL  G 

P AIRLY  WELL  AND  MANEUVER 
WILL 

OBJECTIONABLE 

PIAYUR3S 

REALLY  MAO  TO  COMPENSATE 
POR  THE  DEFICIENCIES  TO  OCT 
THE  NOSE  ON  TARGET.  COULD 
GET  INTO  A  PIO 
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AIRPLANE  PLUS 
CONTROL  SYSTEM  (O.L. I 

AIRPLANE  PLUS  CONTROL 
SYSTEM  PLUS  PILOT  (O.L.I 

AIRPLANE  PLUS  CONTROL 
SYSTEM  PLUS  PILOT  IC.L.I 


CO  -  RAO/SEC 


CO  '-RAO/SEC 


FREQUENCY  RESPONSE  CHARACTERISTICS 


TIME  -  SEC  TIME  SEC 

OPEN-LOOP  PITCH  ATTITUDE  CLOSED-LOOP  PITCH  ATTITUDE 

RESPONSE  TO  AN  F(OR  RESPONSE  TO  A  STEP  ATTITUDE 

IMPULSE  INPUT  COMMAND 


1 — 1 

MMPMMIATION 

W 0  *  14  Cj*  •  Mt 

L— J 

-/  1.1  /  *J 

plt/nlot 

ioii/m 

ll»W 

NN/SYON 

•  ft/Ift 

I.M 

7/4 

IIESSSi 

MAM 

I.T/0.4B 

1.4/1. It 

v» 

AM/1.1 

» .1/1.1 

1.1/ft.S 

STICK 

roscu 

ON  TMI  MAW  MO€  TO  MM 
Mil  MO  TINOINCV  U  MUCH 
AIPOM1LI.  NOUCONO 

tmooomta  initial  ro>*:ii 

Mi  AVIIA  THAN  ITIAOV 

poach 

ON  Ml  AW  NOS  ONSUNSOSt 

TO  HiLS  SNIVI  NY  UNWANTCD 
INPUTS  NOUCONO  THOUGHTS 

Cl  AYAINLV  O  M.  MCOND 
THOUGHT!  POMI1LV  LITTLI 

mi aviia  ivier  roACii 

MOULD  AlOUCI  TINOINCV 
TOWAAO  PIO'I. 

HMlDtCTASIUTV 

t>S 

MUKMIt 

MHAVf  S  IN  A  SfCUUAft 

SASH  ION  THI  HI  •‘OKI  NOT 
OOOO  SOT  COULD  AO  ATT  YO 

•omi  oianaa. 

.. 

VRNY  SOONINOIIO  LONG 

0# LAV  IN  INITIAL  NIUQNU 

IK  AOS  TO  KCS  FINAL  SI¬ 
SSONS*  not  smoictaslk. 

KINO  OS  AISSlANK  THAT 

SCANS  S  YOU. 

INITIAL  AIIPONtl  11 

OIL  AVI  0  IVI A  IOILIOMVLV. 

THII  LIAM  TO  A  PAOILCM 
TAVINO  TO  1T0P  TM*  AIN 
riANI  AIIPONH  -  ITAAT 
OBCILLATINO  ABOUT  TAAOIT 

OIT  ACLAMICAL  MO. 

AYTlYOOf 

CONYNOL/ 

T  MAC  KINO 
CASASJLIYV 

TCNOYONOON  YAAOCT 

A  N1GOLAN  WO.  NOT  SOIL 
Wiom. 

ftOMONS.  ON  TANGiT  IT  IS 
SOLID.  Off  LANGS  AUStt 

TUOi  OSCILLATIONS  ASOUT 
ten 

OUtrt  SOON  NHCN  AN 

SSOACMCO  AGONISSIVCLV. 
COULD  AO  AST  SY  USING  A 

SULW  rtCHNIGUI  SOT  STILL 
UNACCCSYASLI  TO  UK. 

NONMAL 

accilknation 

control 

ASiC  YO  HULL  0  SAdNLY  tt«LL 
NUT  tom  OSCILLATIONS 

Asour  ymc  a. 

rOON;  NAVI  TNOOOLI 

POLLING  ANY  CONIT  ANT  C 
UVIL. 

TINOCNRV  TO  OVIACONTAOI. 
THI  a.  BUT  rOA  OINIAAL 
MANIUVIAINO II  OK  HAVI 

A  PAOBLKM  IN  TlOMT  TAACK 

INO. 

(Mien  09 

HAN DOM 

OiSTUNSANCtf 

NOTHING  Him. 

SMALL V  SCANKO  MS.  VKMY 

LA  SOI  AMSLIYUOI  0  INSUY*. 

MOTlCK  ASLE;  HAVI  TAOUSLt 
COUNTERING  TMI  IFSCCTf  OF 
TNI  DtirUKSANClS  KtSI 

CIALLV  ISN. 

ISM 

SNONLtMS 

WMWMOM.M  MMUO 
NANO  ON  0  1.  TAACKINO 

TASK  BUT  NIVIN  (JOT  INTO 

ANY  TMI  NO  THAT  APPROACH!  0 
AHULL  BLOWN ftO. 

MAT  MVOAIN  DOWN  OUT 
COULDN'T  DO  TNI  XU 
m  TM  NOMMAL  PILOT  OMNI 
COULD  01T  INTO  MAUTirUi 

not. 

NOTHING  NIM.  TINOINCV 
TOWAAO  MO  IN  0. 1.  TAACK 
tNOTASK. 

OOOO 

StATUMKS 

GCASAMLITV  NOT  TOO  SAD 

•ON  OtNTLS  NANCUVCNi 

AND  Y  SACKING  IT'S  St  ALLY 
GSCAT 

OOOO  MANSUVSN  CM  AN  AC 
ti  si  tries. 

ONJICYIONASLC 

SIAYUNIt 

LIOHTININO  or  rOACBt  AB 

YOU  01 T  IN  A  TUAN  - 
TINOINCV  TO  OtO  IN. 

TINOINCV  TO  MC  KIIPONM 

II  NON  AIAPIANI  UKI. 

AMY  AOGSCStIVf  TSACKINO 

ON  MANCUVCSING  LlAOS  YO 
S10*l 

TSNOSNCY  TOVYANOfMO  IN 

A  TlOMT  TNACKINO  TASK 

CAN  SI  iromo  SV  SACKING 

OSS  IN  GAIN  ON  N<  LI  All  NO 

TMI  STICK. 

"katinoi  not  duo  in  data  analvui  mi  oucuuuom  at  tmi  moinmno  or  tmii  appinoix. 
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-  2.4 

•W 

-  SO 

4P> 

-♦TS 

VT 

■  (N 

*l 

-  a  so 

0  AIRPLANE  PLUS 
F,  CONTROL  SYSTEM  (O.L.I 
0  Al  RPLANE  PLUS  CONTROL 

et  system  plus  pilot  io.lj 
g  airplane  plus  control 

SYSTEM  PLUS  PILOT  IC.U 


►tC  . 

FREQUENCY  RESPONSE  CHARACTERISTICS 


OPEN-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  AN  Ff  OR  S, 
IMPULSE  INPUT 


JL 

On 


TIME  SEC 

CLOSED-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 
COMMAND 
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r 


[  nvmt 

t«rt*u 

tOt*M 

TMIAN 

toot** 

M« 

1AM 

TOM 

■ccm 

’(*» 

•  TM4I 

MOII 

1 0/001 

vw 

OI/ttA 

4  A/MO 

1  A/TO  4 

10/100 

irKR 

MMCII 

COMMINTOLOOT 

»NT?IA1  40*011  AAC  VI IV 
MIAVV  IftAOv  104*110*0 
ItOMt  DON'T  MAU*  *M0W 
MMimfA  A  MA4IMNT 

04  AA4N0  WOULD  M  OflVVt* 

OA  MOT 

NOT  0«  WOULD  1 1 M 1  TO 

HAV|  MAO  i  IOMTI*  OUT  WITH 
llQHfl  A  4O*Cl0  TMI  OVIN 
•MOOT  IN  0  WOO  INIMINOOUO 
MUAT  MltCT  HIAVIIf 

AtOIBMNO 

TOO  MIAVV  AORlTOMtIN 
•NINON  OUT  1I0MTI A  4  OMCl  1 
WcHJiO  MAVI  MAIM  If 
OAMMROUO 

AttOOtCTAOILITV 

04 

NIHM4 

AAAI  OMOAI  N  VOUMAVI 
TOOVINMtlV*  AMT  TO  alt 
IfMOVTNOOUTmtCOUlO 
OiHTI  outctlt  V  11 A  AM  TO 
COWMMAn  AOA  nm 

VINVAOON  TAAllAlOMtt 

TNM  AON  AMV  TMMvQ  TO 

MAMIN  AT  UNRf  TMlN  TMI 
MOttMM  COMMON  IMTM 
AOAMO  VIOV  UNOtMOttt 

Mil  mOOTM  ATfltUOO  AMO 
GCOMTAOi 

AlMOOt  mWOOMMI  INItlAi 
MAAONOA  AfAATt  OUT  AAAI 
MOW  THIN  TA4II044 

0»vm  l  A*0I  0  OVI  4*4400  ft 

MOT  AT  Ail  ANIOICf  AOil 
AAANICIAMI  MlAV  01  TWAIN 
TMI  COM  IN  Ol  IN4UT  ANO  fMl 
NIOAONtl  IlNAl  NltHWOI 

NOT  IRIOICTAOtl  (440*( 

TO  0104  NI1AOMM  OM  f  ATM.*  1 

It  AOt  TO  4*0 

AftlfM©# 

COMt AOi ' 
TRACKING 
CAA*o<ufv 

NOT  TNI  ittvil  MMil  ttUV 
ml  *4001  A*  4*0  IVH 

mm 

01 1  INTO  #UiL  OiOWM  MO 
AMONOVI*  VOUALV  IT  A0 
OMMVHV  NOT  VtAV  OOOO 
ON  TAN0IT  9ITMCM  MIMA 
ION4MHH 

MAC  TIC  All  V  Nil  QITIMTO 
AC1AMIC  410 

40*  All  40  AC  T  It  At  AuNAutlt 
Mil  4NV  MO04NA  lit  »IOMt 

IN  AC  AIM*  TAANMI  U4  A 

mgniaicant  aio  Mach 

•Ml  AAIODIVIMQIMI 

NORMAL 
A£Cllt*At«OM 
COM T not 

COMMlNrt  t  Oil 

MA*0  tdAOAl  0  NHLV 

HAN*  TO  ONI  MOTH  V|  It 

1  AAV  TO  OV4  ACOM  1*01 

WOOM  TMAM  ATTlTlMM  COM 
TNOi  UNACCIPT  AOi  1  1*  A 
•MCI  ATI  (A  TUAN 

NOON  ATMMf  tt  TORI  4NI 

Cl  14  LIAO  10410 

ifMcnoi 

NAMOQM 

OrtH/MOANTI* 

OOMMANtO  lO|t 

•AO  0|T  4NOXAV  TUVIN* 

TO  MOlO  MOM  ON  t  AACI T 

AttlAWTI  TO  4UAANIM  *N 
iNAOtt  NIMH  TIO  IN  ATO 

VINVIANOI  Nt 1404411 ft  TO 

AM  INH<f  0  VINVOAAMATIC 
I44IC  Tl 

l»N 

NKXklMI 

NommcMciAi  iin 

MM  TINOANCV  TO  MO  OM 

OOTM  TOACMIMO  ♦  A*«* 

ATO  MT  04  IN  AT  TIMA  TNM  TO 
COMt MN  OTI |4  fUMWO  41V 
•NO  140  MOM  (MT4ICU4T 

THAN  VAN  OTKRt  T1  1**0* 
TNACAM4C  TAOA  NCAMlV 
M4AOOAHHI  AMO  VPNV  OM 
COAMOAf  A*il  NM  INACAiMC 
TAM  TIOt  A( Aui  T 

Al  "MIAMI  MAI  MONO 
VANAQlAOtl  if  A  THAN  VIA 

anno 

MAfuMI 

Ml  rtv  OOOO  MAM  UVf  *A 
■hitvc.mawo»:u.  cam 

AUlt  OOOTT4  AOCOAATIlV 

AMO  <MmCN1  V 

NOV  TOOOAOAONOOOAC 
MAMAOVIAMta  IT  VOUCAN 

TANA  VOUN  TUN  ANOOCNT 
HAVI  tonVITAAOMl 

MVA1V 

NOMA  IN  tM  CON  VCt  1  Of 

TMI  4  tOH  Tf  N  MtOMON 

r*<M 

UUMCTtOMAOll 

IIAVUMI 

MlMt  OVMMtVt  If  T*)  04  T 

If  MOVIM4  lOWIIMI 

CANTO  Ml  AW.  MlKTtl  TO 
RHR40O  MO  TINOtMCV 

WNTCW  *  f*4  MOOT  MRtOUO 
(MUCMMCVO#  fM**M*UM 

VI NV  MA AW  TO  MT  MOV  MAN 

14  vcu  t*v  toovinomvl 

IT  A4  0*0*0 AM VI IV  *0  TOM 
WOOL*  HAVA  to»M  A  C04MMT 
INVHIOlNMMT  VON  CAM  OAT 
AlHOOOm  AitNAVt 

AAMATO  (T*0  OOm  TO  MR* 

UA  AMO  OITA  TOO  VAN* 

KAMO  TO  OAT  MTOA  OM  TA* 

air  not  too oooo  wman 

ON  TANOI  f 

TINOANCV  TOM  A  AO  OVI  R 
CONTROL  04  ATTHUOt  AMO 

0  WOOMNUITIVININ 

1IVII  (URN*  «4«  CAM  T 

INACN  AT  All 

coot  ONOT  M*M4  I*V|  a 
AOONIU4VI1V  MtM  Cl  TTlNO 
AWHOAlO  4 AACI  (MlAV 

IN  INITIAL  AliAONOI  MOO 

MINI  MVIAOIMT 

"lUnwUNOt  UMSlN  <Ut  ><MIVW  Ul  OIKuUKW  »T  TM«  MOMMIM  <U 
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■  2.4 

I 

•n 

-  M 

n/oc 

-  SO 

4p« 

- 

VT 

-  S7S 

«L 

“  1.M 

A  AIRPLANE  PLUS 
%  CONTROL  SYSTEM  (0.U 

A  AIRPLANE  PLUS  CONTROL 
0*  SYSTEM  PLUS  PILOT  (O.L.I 


A  airplane  plus  control 
0«  SYSTEM  PLUS  PILOT  (C.L.I 


FREQUENCY  RESPONSE  CHARACTERISTICS 


OPEN-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  AN  P.  OR  A 
IMPULSE  INPUT 


TIME  -■  SEC 


CLOSED-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 
COMMAND 
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iLTjWidf 


1044/* 


107VM 


10M/W 


HA OirOttCK  THCMVIAYNttAWl  H**TYV  OOOO;  OOltl  COM 


TO  AC  DUCt  UNWANT  10  INRUft 
AMDCOMHHMMMD  THt  MAN- 
IUVCNAWLITY 


fOATAJk.4,  MtlCTtOAUmt 
ONHftAVT  *104  TO  KlfPltNtl- 
TtVlTV© OWN.  NOMCONO 
THOUGHT*  OH  OCAIM NO 

nlsctiqw. 


OUlft  COMtOATAttti  •  NO 
tICONO  THOUGHT* 


Aft  COtC  Y  AMU  TV 
UP 

MHONII 

OOOO;  COULD  CULL  A  OIVIN  0 
PRITTY  MCLL.  INITIAL  FOWII 
AMI  CKJin  LIOMT  OUT  Ml  AW 
PON MAMIUVI  NINO,  VIMV  R|. 
WONIIVI  AIMPLANI,  IAWLV 

OOT  IMAOVf  MYINT  IWUTL 

ALITTLI  PMOMtlM.  TINOITO 
OVIMMOOT  A  Ml  IN  ATTITUOt 
AMO  a  TNI  INITIAL  PORCH 

AMI  OLHTI  LIOMT  COMPAMIO 

TO  THI ITIAOV  POACH, 

TNI  AIMPLANI  It  VIMV  Ml- 
VONMYI. 

INITIAL  CIHOHC  SNAPPY; 

MOM  THAN  NICf  MART 

PINAL  NCrONU  GOOD. 

CAN  Qt  T  ON  TAROIT  A  NO 

STAY  THtRt  OLHTI  NICtLV, 

AYTlTUOK 

CONTROL/ 

TRACKING 

CAAA4MLITV 

AN ITTVOOOO;  COULD Ot TON 
TAAOtT  AND  TRAC*  HILL. 

TINOO  TO  OVIMtHOOT  IN  AC 
OUIMNM  A  TAMOIT.  AMO  YOU 
MAVI  TO  MOLD  TMI  NOW  ON 

TNI  TAMOIT  POM  A  >4 COMO 

TO  MAPI  AM  IT  CTAVS  THI  HI 
NNIN  YOU  HI  LI  AM  TNI 

POMCf .  NOT  H1AL  ITIAOV  ON 
TAMOIT. 

outre  OOOO. 

NORMAL 

ACCCiCHATION 

CONTROL 

OOOO  IN  TNI  MNM  THAT  YOU 
could  pull  tom*  a  gun 
ACCUMATIIY  M/TPOOM  M* 
CAUU  OP  INAOVINTINT  0 

INPUT  A  PARTICULARLY 
NCQATIVI  INCRMMNTa. 

AMT  OP  APMOM.IM.  TINOO 

TO  OYIWMOOT  A  LITTLI  in  a. 

OOOO. 

CMtcnoi 

RANOOM 

WtYURRANCtl 

NOPMMLIINL 

•NUTTY  OOOO  IN  PMCMNCt 

OP  NN  OUTUMOANCII. 

NOT  A  PACTON  IN  TMI  IVALUA- 
TION. 

IM 

RNOCUM* 

NOPMIY'LIMA 

COULO  00  IPR  TAM*  QUIT! 
HtLL. 

NOTMINO  NIW. 

OOOO 

MATURIS 

RUIONMVt. 

OUITR  A  RHPOMMVI  AIMPLANI. 
NPCI  POM  MANIUVINIMO  CAN 
WNTAINLY  PULL  LIMIT  LOAO 
PACTON.  CAN  MOVI  PROM 
TAMOIT  TO  TAMOIT  OUITI 

PULL. 

RRICMCTAWLITV  OOOO  tVCN 
THOUGH  IT  It  A  LITTLI  TOO 
SNAPPY.  MANlUVtMAtlLlTY 
CHAR  ACT!  AltTICt  ANO  TRACK 
INO  CAAAMLITItt  ARt  COCO. 

OGJtCTIONAILl 

ICAYURf* 

*Tf  AOV  tTATC  PORCH  TOO 

Ht AW.  INAOVt  AffN?  0  IN- 
RUTt.  PARTICULARLY  IN  NOLL 
NtVtNiAL*  TOO  MVONMVI. 

IOMI  OVIMMOOT  IN  MOVI  NO 
PNOM  TAMOIT  TO  TAMOIT. 
INITIAL  POMCtt  A  LITTLI 

LIOMT  ITIAOV  PORCH  A 

LITTLI  MIAVY.  ILIQMTOVIR 
■HOOT  WHIN  PULL  1  HQ  0. 

NON*. 

vfa-i4 

**/*  -  »0 
VT  -  C7B 


•W  *11 
4|M  » 

-1J1 


JdirrTSlsffij:: 

feM: 


f-f  *4>*r}r 


raasafc- 


4*1*1.  r--t-qTWrfvsii~t 

f:=jr^^p! 
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TAMOKT. 

MIMtOaOOO  A  LITTLI 
TNOUtLI  ACOUINING  A 

TANOIT  tUT  NOT  MUCH. 

FOOLS  YOU  A  *IT  IN  THAT 

ONCI  ON  TANOIT  IT  MILL 

HANOI N  OFF  CAN  IAIILY 

M  NN OUGHT  HACK  SO  FRO* 

L(M  II  NOT  A  MAJOR  ONE 

NORMAL 

ACCCLt  RATION 
CONTROL 

OOOO.  NOT  THI  P fUCItlON 

Of  CONTMOL  THAT  YOU 

MIGHT  UK*. 

MIMtDANITTV  OOOO. 

PRCVTV  OOOO  RUT  NOT 

RAPID  ENOUGH. 

IMICTt  OF 
RANDOM 

wsruaaANccs 

KONCWMOUKMl 

DIDN'T  LOOK  AT  IT. 

NO  PROBLEMS. 

if  a 

MoauMt 

NONCWPRORLCMS. 

DIDN'T  LOOK  AT  IT. 

N01HIING  NCW  SOMt  TENOEN 

CY  TO  Ml  DC  Off  TAMGCT 

SHOW*  UP  IN  0.  I.  TRACKING 
TASK.  SLOW  AIRPLANE  MC 
SPONSt  MAKE*  PERFORM 

AMCC  POOR  ON  RN  TRACKING 
TASK 

uooo 

FCATUKU 

VINV  OOOO  AINFLANf. 

CAN  MANEUVER  QUICKLY 
ANOFNtCIMLV.  (hacking 

VINV  OOOO. 

QUIT!  MANCUVCKAGLC 

COULD  TRACK  MCYW  WILL. 
fONCCSf  MiTTY  GOOD 
ft  MM  AMf  A  UTTLC  HCAVV 

TNIM  CONTNOL.  All  LI  TV  TO 
CTON  AINr  LANE  ON  TANOIT 

OUlcrtONAiLl 

FIAtUWIS 

*0 Ml  INITIAL  SLUaCISHNlS* 
INITIAL  FOHCIS  A  LITTLI 

HCAVV. 

A  LITTLI  FCOIILIM  IN  AC 
OUININO  A  TANOIT 

NOT  NIAL  tIAOV 

TCNOS  TO  WANOEROFF 

TARGET.  HIGH  STICK  FORCIS. 
SLOW  MANEUVERING  CHAR 
ACTCRISYtCS  MUST  OVER 

DRIVE  AIRPLANE  AND  THIS 
ACCENTUAYIS HCAVV  FORCES 

NOTI  (j)  (VALUATION  VEHV  NUSHCD 
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OPEN-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  AN  P  OR 
IMPULSE  INPUT 


CLOSED-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 
COMMAND 
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CGNtHMMAT'ON 

Wp  •  r a  fg,  •  u 

-i-  in 


nimi 

1010® /m 

BMESHEfllHH 

MMM 

i/9 

S/9 

■m 

M/t.tl 

i.VA* 

V"«W 

MUM 

i  *r>» 

•TICK 

FORCES 

QUITS  LIGHT.  INITIAL  TORCH 
GOT  A  LITTLl  HtAVV  ASTIR 
AWHILE.  SO  MIGHT  HAVE 
if  LICTIO LIGHT! R  TORCH 

RUT  OCaRING  SELECTED  II 

NOT  PAR  Off 

ttiAov  foacis  am  o  k. 

•UT  INITIAL  FOACIS  AM 
com  HIAVV.  WOULD  HAVI 
LIMO  FOACSS  A  IIT  LIOHTIR, 

SRIOICYARILIT* 

OF 

R(U*OMtl 

NOT  VI RV  GOOD  IMG. 

MARKS 0  LIGHT! NiNO  OS 

RORCIft  DURING  MANEUVERS. 
LEADING  TO  OVIRCONTROL 

IKTRIMt LY  SLUGGISH  AIR 
SLANI,  SRI OICT AGILITY  NOT 

TOO  0000  Sf CAUSE  THE 

FORCES  GO  SROM  HEAVY  TO 
LIGHT  AS  THE  RESPONSE 
OCVELOSS  RUT  THE  TmCT 

THE  RESSONSC  IS  SO  SLOW 

DOES  GIVE  "OU  TIME  TO 

FIGURE  OUT  WHERE  THE  NOSC 

IS  GOING,  SO  THAT  THE  SRE 

0*CT  ABILITY  IS  NOT  TOO  SAO 
CITHER 

ATTITUDE 

CONTROL 

TRACKING 

CAPABILITY 

NOT  RCALLV  TOO  IAD  NAVI 

TO  NOTtCCASLV  DRIVI  THK 
AIRPLANE  TO  MOV!  NOlf. 

IVIN  THOUGH  ITIAOY  TORCH 
Mil  LIGHT.  NOSC  STAYS  TUT 

ON  TAROCT 

AWSUL  LOT  OS  WORK  TO  AC 
OUIRC  TARGET  RE  CAUSE  THE 
INITIAL  SORCES  ARE  SO 

HEAVY  AMD  RiCAUSC  !Y  TAKES 
SO  LONG  TO  GET  THERE.  BUT 

ITS  fftTEADV  ONCE  YOU'RE  ON 
TARGET 

NORMAL 

ACCEL  f  RATION 
CONTROL 

THIR5  IS  A  SROBLKM  Ki-RI. 
FORCES  GO  f  ROM  VKRV 

HEAVY  TO  LIGHT.  HAVE  TO 
CHICK  FORWARD  VI RV 

RASIOLV  AS  RESPONSE 

OIVILOSS  TO  KCCS  SROM 
OVERSHOOTING  DESIRED  G. 

IT  S  HARD  WORK.  AND 

THERE'S  A  TENDENCY  TO  DIG 

IN.  YOU  Off  IN' TEI  V  OVER 

SHOOT  THE  01  SIRED  G 

(Mien  or 

RANDOM 

WSTURSANCtS 

DIDN'T  SHOW  UR  ANV  RAO* 

LtMt 

NOTHING  NEW  MM  JUST 
MAKES  A  MCK  01  A  LOT  OK 
WORK. 

IFR 

PROBLEMS 

NO  NfiWSROiLCMS  NORMAL 
ACCCLf  RATION  CONTROL 

AND  TRACKING  TASKS  NCR! 
SOMEWHAT  MORI  OlSSICULT 
THAN  Vf  A  TASKS. 

CAN  DO  MOST  OS  THE  ISR 

TASKS  SRE f TV  WILL.  RUT 

HAVE  MORE  TROUBLE  SUL  LING 

0  ACCURATELY  ISR  THAN  VSR. 

GOOD 

FEATURES 

r  STIAOV  ON  TARGET  COULD 
ACOUIRC  A  TARGET  O  K 
(SCAN!  If  SORT  REQUIRED  ) 
STIAOV  TORCH  COMSORTA- 
RL6 

CAN  FULL  LIMIT  LOAD  FACTOR 

O  K.  IT'S SRETTV  STEADY  ON 
TARGET.  ONCE  YOU  GET 

THIrit. 

OBJECTIONABLE 

FEATURES 

FORCES  HIAVV  INITIALLY. 

THEN  LIGHTER  HAVE  TO 
OVERDRIVE  TO  GET  AIRSLANE 
MOVING  TENDS  TO  CIO  IN 

WHEN  MANEUVERING. 

INITIAL  SORCES  SEEL  VERY 
HEAVY  INCHO  TAKES  A 

FAIR  TIME  TO  GET  YHC  NOSE 
ONTO  A  TARGET.  THE  FORCES 
LIGHTEN  CONSIDERABLY  AS 

THK  RESSONSC  DEVI  LOSS, 

SO  THAT  V.-RJ  HAVE  IU  CHECK 
SORWARO  TO  AVOID  OVf  R 
CONTROL 

NOT!®  SLOW*  WON  HOHCI  COMMANDS 


NOT <  '7)  FLOWN  WITH  POSITION  COMMANDS.  I>/N 
MION  UMTS  INCOARiCTLV  HT 
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AIRPLANE  PLUS 

Vty  •  1.28 

Hyy 

•  10 

CONTROL  SYSTEM  (O.L.I 

«/«  ■  IS* 

4* 

-  481 

_ A 

AIRPLANE  PLUS  CONTROL 

VT  -480 

*•  1.41 

«• 

A 

SYSTEM  PLUS  PILOT  (O.U 

1IMM  AMP  M  IK  MliVDni 

a  AIRPLANE  ft  US  CONTROL 
fl„  SYSTEM  PLUS  PILOT  (C.L.) 


<*)  ~  RAO/SEC  W-RAO/SEC 

FREQUENCY  RESPONSE  CHARACTERISTICS 


TIME -“EEC 

OPEN-LOOP  FITCH  ATTITUDE 
RESPONSE  TO  \H  F  OR  # 
IMPULSE  INPUT 


TIME -“SEC 


CLOSED-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 

COMMAND 
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fLTjWLOt 

«M0>M 

t0>*  ®  /M 

4/1  » 

4/1  S 

l»aMi/K  y 

l.tlt.V 

S.2/.4T 

V%w 

n/>.i 

1.I/4J 

STICK 

FORCES 

LIGHT  ENOUGH.  NO  SI  CON  0 
THOUGHTS  ON  SCARING 
SELECTION 

INITIAL  FORCES  ARE  A  LITTLE 
HCAVV,  RUT  LIGHTER 

FORCES  MIGHT  MAKE  THE 
airplane  NOT  SO  STEADY 

ON  TARGE?  SO  THE  ORCtt 
MIGHT  HAVE  KEEN  SELECTED 
ABIT  LION  TER,  RUT  IT’S  A 
-RAD€ OFF 

PREDICTABILITY 

OF 

RESPONSE 

NOT  TERRIBLY  GOOO 

HEAVY  INITIAL  FORCES 
FOLLOWED  BY  LIGHTER 

FORCES  SOME  TENOCNCV 

TO  OVERSHOOT.  DIG  IN. 

NOT  TOO  GOOD  f HE  INITIAL 
FORCES  FEEL  INITIALLY 

HCAVV.  THEN  GO  LIGHTER 

AS  THE  RESPONSE  DEVELOPS. 
CAUSING  YOU  TO  OVERSHOOT 

IN  0  AND  MAKING  THE  RE 

IPONSI  SOMEWHAT  UNPRE 
OICTARLI. 

ATTIfUOC 

control' 

TRACKING 

CAP ABM  ITV 

SHAOVONTANOIT,  SUT 
MEOWnit  *»ONT  TO  MOVI 
FFIOMON*  TAMOS  T  TO 

AMOTNIM 

NOT  TOO  RAO  AS  A  MATTE  R 

OF  FACT  IT  S  QUITE  GOOD 

YOU  HAVE  TO  WORK  AND 
OVCRORIVI  IT  TO  MOVI  THE 
NOSE.  RUT  IT  SETTLES  DOWN 
QUITE  QUICKLY  AND  IS  VERY 
STEADY  ON  TARGET 

NORMAL 
ACCELERATION 
COM  ROL 

MARKED  TENOCNCV  TOOVER 
SHOOT  DESIRED  0  OUT  CAN 
LEARN  TO  COMPENSATE  FOR 

IT  PRETTY  WELL 

NOT  VERY  PRECISE  THIS  IS 

MAIN  PROBLEM  WITH  AIRPLANE 
TENDS  TO  OVERSHOOT  AND 

DIG  IN 

effects  of 

RANDOM 

CHSruRSAMCfS 

NOT  TOO  MUCH  SHOWED  UP 

HERE 

NOFMOMLCMAt  ALL 

ifr 

PROBLEMS 

NOTHING  REALLV  SHOWED 

UP  HERE 

COULDN’T  DO IFR  TRACKING 
TASKS  VERY  WELL 

GOOD 

FEATURES 

VERY  STKAOV  ON  TARGET 

NOT  TOO  RAD  FOR  ACQUIRING 

A  TARGET  IABITOP  A  FROG 

LEM  THOUGH!  FORCES  ARE 
LIGHT  CAN  PUL  LG 

VERY  STCAOY  ON  TARGET 

CAN  MOVE  FROM  TARGET  TO 
TARGET  QUITE  WILL  STEADY 
FORCES  ARE  QUICK. 

comfortable  * 

GAJtCTlONAGlf 

FEATURES 

acquiring  targe  ns  a  »i  r 

OF  A  PROBLEM 

INITIAL  FORCES  ARE  QUITE 
HEAVY  DIFFICULT  TOPULL  G 
accurately  you  OVER 

SHOOT  SOMEWHAT 

MOtrt  '0  IHOTrtl  VWTMTOACI  COMMAMD* 


NOTI  j)  FLOWN  MNTM  AOSITION  COMMANDS  F  N 
KIOM  LIMITS  INCONNICTLV  Sf  I 
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P,  CONTROL  SYSTEM  tO.L.) 

j l  At  RPLANS  PLUS  CONTROL 
0,  SYSTEM  PLUS  PILOT  (OX.) 

g  AIRPLANE  PLUS  CONTROL 
SYSTEM  PLUS  PILOT  (CX.) 


FREQUENCY  RESPONSE  CHARACTERISTICS 
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TIME  '  SEC 


OPEN-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  AN  F  OR  (, 
IMPULSE  INPUT 


CLOSED-LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 
COMMAND 
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COMIlMMATM* 

wv  *  14  •  M 

l _ 1 

-i-tn 

H?  ANLOf 

10(0®/ M 

M/FIO* 

>1/1 

1/1 

HMaI/A  ^ 

11/  n 

It/AI 

Vo* 

tJt/lt 

1 1/14 

STICK 

tOACCt 

OOOO  LIGHT.  AHAtANT. 

COULD  H AVI  AOWiLV 

If LlCVIO  LIOHVI A  POACH. 
tOT  NOT  MUCH  LI  OH  TIH 

alittli  on  yhk  hi  aw 

1101.  *0040  MAVI  HAS 

PIAAKO  LICHVCA  POACH* 

MICNCfAililfV 

Of 

auaonsi 

Nwmvaooo  fOAcuttiM 

ro  LIGHTIN  At  MtONU 
(XVI  10*1  INDICATING  1  AM 
OVIADAIVIAO  TH«  AlAflAAl 

A  tit 

OOOO  AtMFLAMI  NOT  <HHfl 

At  AUrCNtivi  as  tou 

MIGHT  NAVI  HMD  AMINO* 
COMF1  AINT 

ATTITUOC 

CONTHOL. 

T  HACKING 

CAO'AMtO  i  « 

VCAYOOOO  OUTSTANDING 
PIATUAI  Of  AINflANt 

CAN  ACOUIAI  tAACIT 
(  AfcJLV  tOMi  tMAU  OVCR 
OAIVINO  NCCIUAAV  .  tOT 

It  A  M4  NOAP  AC  VO*  VCNV 
ITIaOV  ON  TAAOIT 

COULO  ACOUIAI  TAAOIT 

QUITS  PrtLL  At  GOOD  At 

YOU  COULD  HAICT 

NOAM  At 
ACCUCAATlON 
CON? MOL 

fA«  TTY  OOOO  »0Mi  tMALL 
OVtAtHOOTINC  MNOCMCV 
>N  HULLING  C 

VIAVCOOO 

tmcrs  of 

MANOOM 

04tfUAAANCCt 

NOHAOAilM 

NO  HAOALCMt  AT  ALL 

1  Ml 

MOOUMft 

NO  N«*  9 AOtLtMt 

VI AY  OOOO  IN  0  (  TAACA 

INC  TASK 

OOOO 

flATUAtt 

fAITTV  NIC!  PIGMY!  A  NiCt 
LIGHT  POACH  ATTITOOt 
CONTAOL  OUTtTAPKMNO 
MANtOVI  AAAILI  1  V  It  UOOO 

OOOO  SOLID  A!  API  ANI 

ITIAOV  GOA  fLA’TOAM, 

CAN  ACOUIAI  TAAOIT  WIALLV 
OUIVI  AAAlOtV  CAN  TAACA 
AALt  ANO  r0U  G  OUICALV 
ANOPAtOllLV 

OAJf  t  TIGN4iL( 
f C  ATUAIt 

MAVI  TO  OVIADAlVf  II  A 
umi  tOGIT  It  MOVING 
INITIALLY  MlMOAOtKC 

TlON 

FOItCd  fOMHNNAT  Ml  AVV 

NOT!  0  HOM  N'lH  roflCi  COMMAND* 


NOT  I  t)  ‘10 WM  ft.'TM  TOUT  I  ON  COMMAND*  »'N 
MICH  lIMIYt  IMOMICHV  (IT 
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SYSTEM  PLUS  PILOT  lO.L.i 
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0,  SYSTEM  ft  US  PILOT  (C.L.I 


FREQUENCY  RESPONSE  CHARACTERISTICS 


OPINLOOP  PITCH  ATTITUOE 
RESPONSE  TO  AH  OR  S# 
IMPULSE  input 


4***4s* 


0  1  2  3  4  6 

TIME  -  SEC 


CLOSED  LOOP  PITCH  ATTITUDE 
RESPONSE  TO  A  STEP  ATTITUDE 
COMMAND 
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PAtCICTABILITV 

Of 

Ml  SPON&I 


ATWUDI 

CONTROL 

YAALKING 

CAPABILITY 


Mi  AW.  BUT  MltCYCO  THAI 
*AV  YOHILP  TAACKINU 
AW 1 1  f  V  OCAAINOMLlCTIO 
SttMCO  Ml  AIONABLI 


POACH  AA«  INITIALLY  LIGHT 
BC  COMING  M*  AW  At  ftf 
IfOMIt  Of VILOPt  PAfOICT 
ABILITY  O#  MtfONM  IB 

OOOO  POA  G  conyaol. 

v'OOA  POA  ATYITUOt 
CONYAOL 


VIAVPOC1  VtAVOlPPl 
CUiY  TO  ACCK.HMK  TAAOIT, 
LIGHT  ON  YAAOfT  NOT 
ITIAOY  TAAOIT 
WANMAl 


Mi  AW  MIAVY  CAN  PUL  L 

aicoiaioo  LOAD.  10  WAV 
Cl  in  YM«  MftY  COMPAQ 
Wlii  AVAUAIll,  CONN  Of  A 
I  NO  THi  ABA UP T  INITIAL 


LAAOI  PITCH  AAVI  OVKA 
SMOOT  VC  A  V  BAD  IN  PITCH 
WOAIi  THAN  IN  0  <K 
VAIWC1V  UGHT  INITIAL 
POACit.  THCNMCAVV 
aioht  up  *n«n  pul  lino  a 


VIAVPOOA  01 Y  J.4  ft 
OVIASMOOYB  BIPOAI 
BiTYLINO  DOWN  ON  YAAOCT. 
YMiNONLV  PAIN  ON 
YANOCY 


MCAVItA  YHAN  01  Si  At  O 
AOMIVTKOLV.  YHC  POACiS 
AU.OV.COM ADI  A  Nt  TYI A 
T  A  ACHING  AIAKANI  BUY 
WAN! OVIMINQ  It  JlP  PICULT 


IMIYIAL  ACSPONtt  PAtYTV 
OOOO  PINAL  ACSPONtC  >t  A 
PAOBLIM  ALWAYS  Ql  T  3  OA 
4  OSCILLATIONS  ABOUT  YH| 
TAAOIT 


PAIA  TO  POOA  BUT  CAN  STILL 
00  TNI  JOB.  CAN 01 Y  THI 
AJ  API  AN#  ON  TAAOFY 


NOAMAi 

ACCt 1 1  NATION 
CONTAOi 

PACVYVOOOO  CAN  tNA? 
ONOOUICALV.  PATH  LI  VYL* 

OV  IN  SHOOT 

BiYYIA  YHAN  PATCH  AYTI 

YUOi.  ONLY  OVIASHOOT1 

OKfit.  Pt  AHAPt  0  4  G 

0  K  .  SMALL  TINOINCV  TO 

OVf  AfMOOT  YHC  OUlAIO 

0  VALUI  ON  YM1  MiTIA 

BUY  NOT  10  IN  GCMAAL 
MANIUVCAING 

MflCTS  OP 

AANOOM 

WSTUANANCIS 

NO  PAH TICUl AN  PROw-l  IN 

JO»T  (MPHAUHO  NNUW 

IN  ATTITUOi  CONTROL 

WOULD  PI  A  SAL  AIRPLANE 

IN  TUHBULINCI 

NOT iCKABLC  .  BUT  NOT  A 
PAOBLIM 

l#A 

PAOBLIM* 

rrittv  ooooiph  non*  or 

VPN  TRAC  HI  MO  PHOM.IM* 

MiM  TOIMOWUMPN. 

NOPHOOilMO;  PINPOHMANL* 
ON  VMACKINO  YAANt  WA* 

OOOO 

NOTHING  MtM  NOMLING 
TtNOSNCV  IMONNO  UP  IN  THI 
M  TRACKING  TAIL 

OOOO 

MAYUAIS 

CAN  MANlUVtN  AM  POLL  0 
ACCUNAmv 

OOOO  ON  POLLING  C 

GINIAAL  MANIUVIAINO 
CHAAACTK  AIITICS  ANO 
CAPABlLIYICt  AAC  OUlYC 

OOOO 

OBJl  C  T  *ONABl  1 
PIATJAIS 

VI AV  OIPPICULY  TO  ACOUIAI 
TAAOIT.  NOT  YOOfTCAOV 
ONTAAGfV  AYCAOV  POACf  t 
qUtTf  HIOM.  INITIAL  POACH 
LIGHT 

PITCH  AYYITOOI  CONYAOL 

Vf  AV  POOA,  01 Y  LAAOI 

0V«  ABMOOf  ACOUIAI  NO  A 
TAAOIT  THIN  OBCILLATC 

ABOUT  TAAOIT  NOT  SYKAOY 
onyaaqcy  syiaoy 

POACf  •  HIGH,  STICK  POACt 

PIA  KNOT  HIGH 

BOBBiINO  YINOINCV  WHIN 

YA VINO  TO  STOP  ON  YAAGC  Y 
WHICH  IN  THI  BlClSNlNO 
IIIMIO  BAO  INOUG^  TO  tl 

A  PIO  BUY  AAPIOLV  Ai>APT(0 

YO  THIS  CONPIGUAAYlON 

TO  YH(  1  MTINT  THAT  YMIt 
PAOBLIM  WAS  NOT  tKAlOUt 

NOT*  f)  ALL  PLONNPNTM  PORTION  COMMANOi 
NOVI  Y)  P/N  HIOM  LIMITS  INCOAAICTLV  tit. 
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APPENDIX  11 


ANALYSIS  OF  DATA  USING  EQUIVALENT  DYNAMICS 


Early  in  tit-,  data  analysis  of  the  results  of  this  experiment,  it 
became  evident  that  direct  correlation  of  the  pilot  ratings  with  any  of  the 
modal  parameters  %n  the  airplane-plus-control-system  transfer  functions 
was  not  possible.  Accordingly,  the  equivalent  system  approach  used  with 
some  success  in  the  HOS  program  (Reference  6),  was  applied  to  the  basic 
FCS/short-period  configurations  of  the  present  experiment. 

*  . 

For  these  basic  configurations,  the  normalised  9/^  transfer 
function  is: 


(W  *')(?,*•“) 


r*tm 


($.  *%£**’)( uf  *■*£}**' fo'1') 


In  the  equivalent  system  approach,  the  6  step  response  of  this  transfer 
function  is  analog  matched,  as  closely  as  possible,  with  the  8  response  of 
a  less  complex,  equivalent  transfer  function.  The  equivalent  system  has 
the  form  of  an  unaugmented  airplane's  transfer  function  plus  a  time  delay: 


ntnn 


—  e 


fo9>f) 


lit 

<4 


Both  the  complete  and  equivalent  transfer  functions  were  mechanized  on  an 
analog  computer.  The  0  step  response?  of  the  equivalent  system  were  then 
matched  to  the  complete  6  step  responses  of  the  airplane  plus  control  sys¬ 
tem  dynamics,  by  varying  ,  u>K  and  until  the  best  "eyeball" 

fit  was  obtained.  In  the  majority  of  cases,  Tt  was  held  fixed  at  the  appro¬ 
priate  T-33  value  of  ,  However,  for  those  configurations  with  appre¬ 
ciable  values  of  Tf  (large  control  system  lead),  Tt  was  also  varied  in 
order  to  achieve  a  reasonable  match  of  the  Q  time  history. 


The  analog  matches  which  were  obtained  with  the  equivalent  transfer 
function  were  good  for  most  of  the  configurations  with  many  showing  near¬ 
perfect  matches.  For  those  configurations  having  large  control-system  lags, 
however,  the  match  is  somewhat  poor  for  the  initial  portion  of  the  response. 
For  example,  the  following  step  time  responses  show  the  match  used  for 
Configuration  2H. 
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TIME  ~  SEC 


Match 

Complete  response 
of  Configuration  2H 


A  summary  of  the  equivalent  system  parameters,  ,  Z£  , 

u>g  and  ^  ,  obtained  for  each  of  the  basic  FCS /short-period  configurations 

in  this  program  is  shown  in  the  accompanying  table,  along  with  the  pilot 
ratings.  The  pilot  rating  data  for  Pilot  M  and  Pilot  W  arc  presented  in 

Figures  II- 1  and  II - 2  on  a  plot  of  u>t  ^  versus  \  .  The  correlation  of 

the  PR  data  plotted  with  theee  equivalent  system  parameters  is  reasonable 
and  allows  determination  of  the  3.5  and  6.5  pilot  rating  boundaries  shown. 
The  upper  6.5  pilot  rating  boundary  is  shown  as  a  dashed  line  to  reflect  the 
fact  that  this  part  of  the  boundary  is  poorly  substantiated.  It  is  interesting 
to  note  that  pilot  ratings  do  not  appear  to  be  a  function  of  equivalent  time 
delay  for  <  0.  1  second. 

It  should  be  mentioned  that  the  data  for  Configurations  4A  through 
5E  are  not  shown  on  Figures  II- 1  snd  II-2.  The  reason  for  this  is  that  the 
pilot  ratings  for  these  configurations  arc  considerably  worse  than  the  values 

of  Z.  and  dL  would  indicate.  It  is  obvious,  therefore,  that  the  bound- 
*  £ 

ariea  shown  apply  only  for  good  values  of  ^  (say,  >  0.4). 


The  pilot  rating  data  from  the  KOS  program  for  Pilot  B  and  Pilot  H 
are  presented  in  Figures  II- 3  and  II-4,  for  comparison  with  the  PR  boundaries 
established  with  the  data  from  the  present  experiment.  Agai  i,  only  the  data 
for  good  damping  (  >0.4)  are  plotted.  Note  that  because  of  the  arrange¬ 

ment  of  the  feel  system  dynamics  in  the  control  system  of  the  HOS  configura¬ 
tions,  all  the  values  of  were  greater  than  0.  1  seconds.  The  correlation 

of  the  PR  data  is  only  fair  in  some  areas,  but  the  same  trends  are  shown  for 
both  programs . 
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DATA  FOR  EQUIVALENT  SYSTEMS 
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Correlation  of  HOS  Program  Pilot  B  Rating  Data 
(Reference  b)  with  Equivalent  System  Parameters 


RATING 


Figure  II-4  Correlation  of  HOS  Program  Pilot  H  Rating  yaca 
(Reference  6)  With  Equivalent  System  Parameters 


Thua,  it  would  appear  that  the  parameters  %  and  <3*  tend 

to  roughly  group  the  data  from  the  present  experiment  and  the  HOS  program 

into  iso-opinion  regions,  for  configurations  having  good  tv  •  There  are 
two  fundamental  problems  with  this  approach  however*  The  first  is  the  prac¬ 
tical  difficulty  of  measuring  time  delays  as  small  as  0.  1  sec.  The  second 

problem  is  the  fact  that  when  *)g  £  is  small,  it  can  often  be  changed  by 

factoi*  of  two  or  more  and,  with  compensating  changes  in  ,  ?£  and  , 

equally  good  analog  matches  can  be  obtained.  For  example,  the  above  time 
history  for  Configuration  2H  can  be  rematched  with  the  following  results. 


Match 

Complete  response 
of  Configuration  2H 


Match 

Og 

** 

4 

Original 

.21 

3.2 

1.00 

.81  2.6 

Rematch 

.  15 

3.5 

.70 

46  1.6 

Thus,  it  is  difficult  to  obtain  a  unique  set  of  a>e  , 

Tg  ,  Ag  ,  and 

a  given  configuration. 


tg  for 
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APPENDIX  III 


COMPLETE  C*  TIME  HISTORIES 


According  to  Reference  15,  the  C*  response  to  a  pilot  force  input 
let 

r.  <i  ,(/-./  »  U,/ 


where  is  the  distance  of  the  pilot's  station  ahead  of  the. center  of  gravity, 
in  feet.  C+/Fa  and  *  /Fr  have  the  units  of  g/ib,  while  0  /F  has  the 

units  of  rad/sec  per  lb. 


To  conform  to  the  manner  in  which  the  present  simulation  was 
mechanised  (Appendix  V),  this  can  be  expressed  as: 

cl  .  f_cL] 

L*J 

where  is  the  transfer  function  of  the  simulated  control  system. 

C */  Sm  ia  the  O*  transfer  function  of  the  simulated  airframe. 


For  the  simulated  control  system: 
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For  the  simulated  airframe  (see  Appendix  IV 
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Substituting,  and  normalizing  with  respect  to  the  steady  state,  yields; 


For  the  T-33:  -  1  ft,  *  -  3  ft 


ind 

-  250  knots : 

Vr 

=  480  ft/sec 

% 

=  0. 80  sec 

ind 

=  350  knots : 

Vr 

a  675  ft/sec 

4 

-  0. 42  sec 

a 


The  C  numerators  become: 

Vind  3  250  knot,:  {.36s  +  1)  (.010) U  +1)  (  r,  s  +  1) 

Vin<i  3  350  knot,s  <-  >*•  ♦  l>  (-0102s  +  i)  (  T,  *  +  1) 


The  normalized  C*  response  to  a  step  force  input  was  calculated  for 
each  of  the  configurations  evaluated  in  this  experiment.  These  responses 
and  their  associated  pilot  ratings  were  then  compared  with  the  C*  time- 
history  boundaries  of  Reference  15. and  the  results  are  shown  in  the  plots 
which  follow. 
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C»  TIME  HISTORIES 

—  C*  BOUNDARIES  IPR  -  3SI 
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C*  TIMI  HISTORIES 

-  C*  BOUNDARIES  (EH  *  IS) 
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C*  TIME  HISTORIES 
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APPENDIX  IV 


LONGITUDINAL  TRANSFER  FUNCTIONS 

In  this  appendix,  several  simplified  longitudinal  transfer  functions 
are  developed  in  support  of  the  discussion  in  the  text.  The  following  equa¬ 
tions  of  motion  are  used  to  represent  the  airplane  for  this  purpose.  They 
assume  constant  speed  and  neglect  incremental  effects  of  gravity. 

9  -  *  M^St 

0,  -  6  -  La  a  - 

»  " 

The  equations  imply  that  the  reference  axes  are  stability  axes  and  that  the 
wings  are  always  level  so  that  Q  -  if  and  0( *)  *  ~  9  (*)  .  The  variables 

6  ,  &  ,  n  ,  and  &e  are  incremental  values  from  the  reference  con¬ 
dition. 

The  following  transfer  functions  in  Laplace  notation  arise  from  the 
above  equations: 

JL  b  (Hu-WiU*  “  *aLJ 

•k  sr  * 

*  *  -LAS+  (M** 

n  e  J4  Lu  L+) 

S'  i  S+  (l*- 

Assuming  that  the  product  of  small  terms  is  negligible  (L{* *o) 

JL  -  fv “/Va>] 

a  m  *  m^) _ 

w  B  Jr_  [ifr***^  4^] 
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The  short-period  natural  frequency  and  damping  ratio  can  be  expressed  as: 
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Making  these  substitutions  and  rearranging* 
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r#*  (^r  *  3  *  *) 

For  most  conventional  airplanes*  the  numerator  time  constants  in  the  y— 
n  ' 

and  ~j~  transfer  functions  are  negligible.  However,  for  airplanes  having 

a  tail  length  which  is  quite  short,  these  numerator  terms  can  be  important. 


The  following  relationships  can  be  derived  from  the  above  transfer 
functions: 
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therefore,  ^5. 

rt 


Li.]**  £ 

L  *k  i  u  faM 


(3)  0/f«  transfer  function  (negligible  control  system  dynamics): 

J. _ t(M\  =  jfia.  /  m 

*  «  1  /«  'V 

or  -  f  m  *e  ♦  * ') 

r» 

whe,e  ,  .  s  9 

<*£  *.(*»/*) 


Note  that  i'  as  defined  above  is  the  same  as  the  steady-state 
value  of  2/  Fa 


155 


156 


APPENDIX  V 


DETAILS  OP  SIMULATION  MECHANIZATION  AND 
DATA  REDUCTION  TECHNIQUES 


This  in-flight  experiment  wu  performed  in  the  three-axis  variable - 
stability  T-33  airplane,  modified  and  operated  by  CAL  for  the  USAF>  The 
deaired  FCS  dynamic*  were  simulated  by  altering  the  T-33  control  iy«tem 
with  suitable  electronic  circuits.  The  variable-stability  response-feedback 
system  of  die  T-33  was  used  to  simulate  the  desired  airplane  dynamics. 

The  mechaniration  of  the  airplane  plus  control-system  longitudinal  dynamics 
for  this  experiment  is  summarised  in  Figure  V-l  using  constant-speed 
airplane  dynamics. 


^ss /  iysAt* 


AirpUnt 


Simulated  FCS  Dynamics 


Simulated  Airplane 
Short-Period  Dynamics 


Figure  V-l  Mechanisation  of  Airplane  plus  FCS 
Longitudinal  Dynamics. 


The  feel  system  characteristics  shown  in  Figure  V-l  were  mech¬ 
anised  using  an  electro-hydraulic  feel  servo,  with  position  and  rate  feedbacks 
to  control  the  frequency  and  damping.  Experimental  frequency  responses  of 
the  feel  system,  obtained  during  ground  calibrations,  show  that  the  dynamic 
characteristics  presented  in  the  figure  approximate  the  measured  phase 
within  2  degrees  and  the  measured  amplitude  within  5%,  for  frequencies  as 
high  as  30  rad/sec.  Electronic  circuit  cards,  detignsd  to  represent  the 
desired  FCS  dynamics,  were  carried  in  the  noso  of  the  T-33  and  could  be 
selected  by  the  safety  pilot  lor  each  evaluation.  Experimental  frequency 


I* 


responses  of  thea«  circuita  ahow  near  perfect  correlation  of  amplitude  and 
phaae  with  the  FCS  tranafer  function*  uaed  in  thia  report,  for  frequenciea  aa 
high  aa  60  rad/aec. 

The  deeired  ahort- period  dynamics  were  achieved  by  feeding  back 
a  ,  *  and  q  aignala  to  the  T- 33  elevator  actuator  with  the  appropriate 
feedback  gaina.  It  ia  important  to  remember  that  becauae  reapanae  feed- 
backa  are  uaed.  the  numerator*  of  the  longitudinal  tranafer  function*  remain 
thoae  of  the  T-33  airframe.  Figure  V-2  ahowa  a  simplified  block  diagram 
of  the  mechanisation  for  the  airplane  dynamic  a. 


Simulated  Airplane  Short-Period  Dynamica 


Figure  V-2  Mechanisation  of  Airplane  Longitudinal  Dynamic* 

The  circuit  card*  for  simulating  the  FCS  dynamic*  all  contained  a  second- 
order  i.cro  (shown  in  Figure  V-i  )  designed  to  cancel  the  T-33  actuator 
dynamics.  With  the  response-feedback  loop*  cloaed.  the  T-33  actuator  roots 
will  migrate  somewhat;  but  since  the  roots  are  at  high  frequency,  the 


a  <t> 


movement  will  be  email.  The  T-33  actuator  can  therefore  be  considered 
cancelled  by  the  second-order  aero,  as  far  as  the  airplane's  response  to 

ft  inputs  ie  concerned.  For  tike  configurations  evaluated  with  a 

jr  e  oo  ,  the  force  command  signal  went  directly  to  the  elevator 

summing  amplifier.  In  these  cases  the  (  u)g  ,  f3  )  dynamics  were  those 

of  the  T-33  actuator.  The  six  additional  short-period  configurations  (  9  to 
14)  simulated  in  this  experiment  had  the  feel  system  dynamics  in'  series 
with  the  simulated  airplane  plus  T-33  actuator. 

The  lateral-directional  characteristics  simulated  in  this  experi¬ 
ment  were  achieved  using  the  appropriate  response-feedback  gains  in  a 
manner  analogous  to  the  longitudinal  characteristics.  The  rudder  and 
aileron  feel  system  were  in  series  with  the  simulated  airplane  so  that  posi¬ 
tion  commands  went  to  the  control  surface  actuators. 

The  feedback  gains  required  to  achieve  the  desired  airplane  short- 
period  dynamics  were  determined  during  the  calibration  phase  of  the  flight 
program.  During  the  evaluation  phase,  calibration  records  were  taken  of 

each  configuration  evaluated  in  order  to  identify  of^  ,  £jp  ,  n/te.  and 

the  selected  / n  .  To  determine  o)fp  and  ,  in-flight  recordings 

of  either  9  or  a  to  a  manual  elevator  doublet  were  ai.alog-matchcd. 

This  method  proved  to  be  both  accurate  and  repeatable.  Records  of  the  air¬ 
plane's  a  and  ft  response  to  a  series  of  automatic  electrical  steps  (fed 
directly  to  the  elevator  summing  amplifier)  were  used  to  determine  nfot  and 
/ n  .  To  obtain  In  from  these  records,  the  measured  value  of 
was  combined  with  the  value  of  (Fa  fP%  gain  selected  by  the  pilot.  Sev¬ 
eral  F%fa  measurements  using  out-of-trim  manual  elevator  steps  were 
taken  to  confirm  the  accuracy  of  the  above  technique. 

The  values  of  of  and  T  used  in  this  report  represent  the 

average  values  determined  from  the  calibration  records  for  all  the  eval¬ 
uations  of  that  configuration.  The  maximum  variations  from  these  average 

values  of  of9p  and  ^  ,  measured  in  the  course  of  the  experiment,  were 

*  10%  for  o>  and  a  5%  for  Z  .  The  values  of  nfa  and  Fin  used  in 

this  report  similarly  involved  the  use  of  averaged  calibration  data,  and  the 
maximum  variations  from  the  averages  were  a  10%  for  both  nfa  and  Fs  In  . 
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